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ABSTRACT 
 
Motor vehicles are major emitters of gaseous and particulate pollution in urban 
areas, and exposure to particulate pollution can have serious health effects, 
ranging from respiratory and cardiovascular disease to mortality.  Motor vehicle 
tailpipe particle emissions span a broad size range from 0.003-10µm, and are 
measured as different subsets of particle mass concentrations or particle number 
count.  However, no comprehensive inventories currently exist in the 
international published literature covering this wide size range.  
 
   This paper presents the first published comprehensive inventory of motor 
vehicle tailpipe particle emissions covering the full size range of particles 
emitted. The inventory was developed for urban South-East Queensland by 
combining two techniques from distinctly different disciplines, from aerosol 
science and transport modelling.  A comprehensive set of particle emission 
factors were combined with traffic modelling, and tailpipe particle emissions 
were quantified for particle number (ultrafine particles), PM1, PM2.5 and PM10 
for light and heavy duty vehicles and buses. A second aim of the paper involved 
using the data derived in this inventory for scenario analyses, to model the 
particle emission implications of different proportions of passengers travelling 
in light duty vehicles and buses in the study region, and to derive an estimate of 
fleet particle emissions in 2026. 
 
It was found that heavy duty vehicles (HDVs) in the study region were major 
emitters of particulate matter pollution, and although they contributed only 
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around 6% of total regional vehicle kilometres travelled, they contributed more 
than 50% of the region’s particle number (ultrafine particles) and PM1 
emissions.  With the freight task in the region predicted to double over the next 
20 years, this suggests that HDVs need to be a major focus of mitigation efforts.  
HDVs dominated particle number (ultrafine particles) and PM1 emissions; and 
LDV PM2.5 and PM10 emissions.  Buses contributed approximately 1-2% of 
regional particle emissions.    
 
Keywords:  Motor vehicle inventory, particle number, particle mass, ultrafine 
particles, emission factors, transport modelling, particle emissions, South-East 
Queensland, traffic.    
 
 
 
1. INTRODUCTION 
 
Tailpipe particle emissions generated by motor vehicles span a very wide size 
range, from around 0.003µm (the current detection limit on scientific measuring 
equipment) to 10µm.  Only one inventory exists which attempted to estimate all 
the particle metrics and subclasses, and this was developed for the UK (Group 
1999).  However this inventory was restricted to estimating particle emissions 
for the smaller particle size ranges by applying distribution profiles for these 
size ranges to PM10 estimate data (Group 1999; Goodwin et al. 2000; AQEG 
2005). This means that emission factors for these size ranges below PM10 were 
not based on individual measurements of different particle sizes, but simply on 
mass fractions multiplied by PM10 data values.   
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Current worldwide air quality standards for controlling particulate pollution are 
mass-based and restricted to PM2.5 and PM10 (mass concentration of particles 
with aerodynamic diameters < 2.5 µm and 10 µm respectively).  However, these 
standards are ineffective for controlling ultrafine particles (diameters < 0.1 µm), 
which are very numerous in terms of their numbers, but have little mass 
(weight).  Most particle emissions generated by motor vehicle tailpipes are 
ultrafine size and are measured in terms of particle number; hence it is critical 
that future inventories include estimates for particle number emissions. As the 
majority of particles measured in terms of particle number are in the ultrafine 
size range, the terms particle number and ultrafine particles will be used 
interchangeably in this paper.   From this point on in the paper tailpipe motor 
vehicle particle emissions will be referred to as motor vehicle particle emissions.  
 
In urban areas motor vehicle particle emissions are a dominant pollution source, 
where more than 80% of particle number concentrations are found in the 
ultrafine size range (Morawska and Salthammer 2003).  However, very little 
information can be obtained about particle number from particle mass 
measurements (ECJRC 2002), and as current air quality standards are mass and 
not particle number-based, this means that the greater proportion of motor 
vehicle particle emissions are not controlled or regulated.     
 
There are many different types of emission models that have been developed to 
model particle emissions generated by motor vehicle fleets.  These have 
employed a wide range of different methods and related to varying geographic 
scales. The application of these models include developing an understanding of 
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air quality and climate change issues on global, regional and local scales 
(Parrish 2006) and for developing control strategies, risk assessments, air quality 
forecasting and transport and economic incentive programs (Mobley and Cadle 
2004). 
Examples of emission models which have estimated vehicle fleet emissions 
include well-known models such as EMFAC (CARB 2001) and MOBILE 
(USEPA 1993); as well as BRUTAL (Oxley et al. 2009), CALPUFF (Cohen et 
al. 2005), MM5-ARPS-CMAQ (Cheng et al. 2007), OSCAR (Sokhi et al. 2008), 
TAPM (Hurley et al. 2005), TEMMS (Namdeo et al. 2002) and VERSIT+ LD 
(Smit et al. 2007), to name a few.  However these emission models are generally 
limited to providing estimates for PM10 or, in some cases, PM2.5. One model, 
however, COPERT IV, has available a small suite of solid particle number 
emission factors for different vehicle types derived from dynamometer 
measurements (Samaras et al. 2005).   
 
Emission models can be developed with a specific focus, eg., such as for 
modelling the effects of congestion (Smit et al. 2008), estimating the spatial and 
temporal resolution of emissions (Constabile et al. 2008), for modelling street 
canyons (Mensink et al. 2006) or modelling the influence of road classifications 
on personal exposure to emissions (Chen et al. 2008). A number of emission 
models often use indirect data, such as total fuel consumption data or based on 
fuel properties (Goodwin et al. 1999) or remotely sensed data (Shifter et al. 
2005), rather than using performance-related emission factors and road traffic 
data.  
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A number of epidemiological studies have linked particle exposure with 
increases in hospital admissions, various respiratory and cardiovascular diseases 
and mortality (Pope and Dockery 2006); and current scientific debate is focused 
on the premise that particle number (ultrafine particles) is more directly related 
to health effects than particle mass (ECJRC 2002).  In relation to the health 
effects due to exposure to ultrafine particles, of which the majority are in the 
nanosize range (diameters < 0.05 µm), the World Health Organization (WHO 
2005) has stated that “While there is considerable toxicological evidence of 
potential detrimental effects of ultrafine particles on human health, the existing 
body of epidemiological evidence is insufficient to conclude on 
exposure/response relationship to ultrafine particles.  Therefore no 
recommendations can be provided as to guideline concentrations of these 
particles at this point.”  
 
Whilst recommendations as to guideline concentrations for ultrafine particles 
cannot presently be determined, nevertheless the importance and high priority 
given to controlling these sized particles is evidenced by the fact that particle 
number limits for solid particles are being introduced by the European Union for 
light duty diesel vehicles in EURO V/VI and for heavy duty diesel vehicles in 
EURO VI (European Union 2007; Commission of the European Communities 
2007 a,b); and are proposed for light duty diesel vehicles in Switzerland (AQEG 
2005). The particle number inventory presented in this study for urban South-
East Queensland is the first of its kind, and to our knowledge no such extensive 
7 
  
  
  
inventory is available.  No detailed emission inventories are available that 
include particle number concentration (Jones and Harrison 2006). 
 
Particle emissions can be reduced in a variety of ways, ranging from fitting 
particle traps or introducing new vehicle standards (eg., EUROs), to policies 
such as congestion charging and incentives for scrapping older vehicles.  Higher 
density living and transit oriented development is causing the public to become 
more concerned about particulate pollution, and they are demanding greater 
quantification of particle emission levels.  Particle emission inventories are an 
important tool for understanding current levels and controlling emissions, as 
well as for testing the air quality implications of future alternative transport and 
land use strategies.  
 
This paper presents the first published comprehensive inventory of motor 
vehicle tailpipe particle emissions.  It was developed for urban South-East 
Queensland by combining a comprehensive set of emission factors with traffic 
modelling to produce road-link based estimates of particle number (ultrafine 
particles), PM1, PM2.5 and PM10 for light and heavy duty vehicles and buses for 
different road types.  Future scenarios were tested involving moving proportions 
of LDV trips to new buses to quantify the impact on emission levels.  Modelling 
bus trips was important as major busways and tunnels are under construction in 
the study region to address urban sprawl, increased travel demand and 
congestion. An estimate of fleet emissions in 2026 was also derived.     
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It is important to note that inventory estimates are based on government 
prototype data from the Brisbane Strategic Transport Model for 2004 
(Queensland Department of Main Roads 2008), and utilised vehicle kilometres 
travelled (VKT) data, but excluded consideration of specific origin and 
destination trip data.   
 
  
2. METHOD  
 
 
Particle number (ultrafine particles), PM1, PM2.5 and PM10 inventories for the 
motor vehicle fleet in urban South-East Queensland for 2004 were developed for 
the study region and different scenario analyses were modelled relating to travel 
behaviour and mode choice. Details related to the study region, the emissions 
inventory model components (both for the travel demand and emission factor 
models), and variables used in scenario analyses conducted are outlined below.    
 
The inventory was calculated by combining two techniques from distinctly 
separate disciplines – from aerosol science and transport modelling. 
Computation of the emissions inventory involved compilation of relevant 
emission factors for different vehicle and road type combinations for different 
particle metrics with individual travel demand model links. The method applied 
appropriate particle emission factors for different vehicle and road type 
combinations from statistical analysis of a large body of published emission 
factor data, as well as identifying a small number of relevant local bus emission 
factors.  
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Travel data for the region was sourced from a Government household travel 
survey (SEQHTS 2004) and freight matrices, this data was analysed in terms of 
trip mode and trip purpose and assigned to different travel demand model links 
that represented roads in the study region, and the average fleet speed on each 
model link was estimated (Queensland Department of Main Roads 2008).  
Model links were classified into different road types based on the average speed 
of the fleet on different model links. Inventories were calculated for different 
particle metrics based on average weekday travel data scaled up to annual 
estimates.  The scaling factor used was based on the difference found between 
weekday and weekend VKT in a local household travel survey conducted over 
an entire week (Ministry of Transport 2007).  
Average passenger occupancy rates for buses in different travel times were 
derived from an analysis of all bus timetable and occupancy rate data relating to 
the study region.  Raw data for this analysis was provided by Translink (2007).  
Scenario models were developed based on assumptions related to varying shifts 
in travel modes in different travel times, and corresponding average vehicle 
occupancy rates, and on anticipated future levels of particle emissions. The 
inventory was validated based on the results of an extensive worldwide literature 
review.  
 
 
2.1. Study region 
This was the Brisbane Statistical Region located in South-East Queensland 
(SEQ), Australia (hereafter termed urban SEQ), which had 1.2 million motor 
vehicles and a resident population in 2004 of 1.7 million  (ABS 2004 a,b).  
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Although urban SEQ only makes up around 26% of the area in SEQ (ABS 2006; 
OESR 2004), the urban SEQ vehicle fleet accounted for more than 70% of 
private passenger trips in SEQ in 2004 (SEQHTS 2004).   
 
One million people are predicted to move to SEQ in the next 20 years (Office of 
Urban Management 2004) and the Bureau of Transport and Regional Economics 
have forecast that the freight task will double over this period (SKM 2206).    
 
 
2.2. Traffic model  
Traffic data from the Brisbane Strategic Transport Model (BSTM) was used to 
derive the inventory, and this model covers an area of around 4600 square 
kilometres (Queensland Department of Main Roads 2008).  The latest version of 
this model is in the prototype stage and does not represent current Government 
policy.  It is a conventional 4-step demand model, incorporating trip generation, 
distribution, modal split and assignment (Ortuzar and Willumsen 2001). It 
covers urban SEQ and is populated with data from a Queensland Government 
household travel survey (SEQHTS 2003-2004). The model contains VKT data 
for a typical weekday in 2004 in four travel times for light and heavy duty 
vehicles and buses.  Roads in urban SEQ are represented by 22,985 individual 
model links.      
 
VKT on each model link: was calculated by multiplying the number of vehicles 
in each vehicle class by the length of the model link in kilometres. Total 
weekday VKT was 45.5 million km (93.3% from LDVs, 6.3% from HDVs and 
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0.4% from buses).  LDVs were classed as passenger cars and trucks with vehicle 
weights ≤ 5 tonnes; and HDVs vehicles had gross vehicle weights ranging from 
3.5-12 tonnes to > 25 tonnes  (Keogh et al. 2008).  A slight overlap in the weight 
ranges of LDV and HDV vehicle classes occurred due to the nature of the data 
reported by the authors of emission factor studies (Keogh et al. 2008).    At the 
time of this study the majority of LDV vehicles were petrol-fuelled and HDVs 
diesel-fuelled (Keogh et al. 2008).   
 
 
Total annual VKT for the 2004 BSTM was 14,514 million, which excluded 
transport-related industry travel (eg., couriers and taxis) and trips by persons staying 
in non-private accommodation (eg., tourists and business travellers staying in 
hotels) (SEQHTS 2004).  The BSTM VKT is within 20% of the VKT estimate for 
the region derived in the 2004 Survey of Motor Vehicle Use of 18,331 million  
(ABS 2004a), which would be considered reasonable accuracy for a strategic 
model. Other VKT estimates used to model the study region in 2004 ranged from 
16,340-21,017 million (BTRE 2003; Apelbaum 2006). 
 
Road types:  Model links were classed as urban or urban-major roads, based on 
the average vehicle speed travelled on the links in the different travel times. 
Urban roads had average vehicle speeds of < 80 km/hr and urban-major ≥ 80 
km/hr. Different vehicle speeds can be associated with different levels of 
particulate matter emissions for different vehicle types.  Hence the model links 
representing roads in the study region were classified according to average 
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vehicle speed and the technique used to develop the inventory applied emission 
factors relevant to those average vehicle speeds.    
 
Travel times:  VKT related to four travel times - 7am-9am, 9am-4pm, 4pm-
6pm, and 6pm-7am.  The 24 hour average VKT was the sum of VKT in the four 
travel times.  Emissions were calculated for each travel time, and summed for 
each model link.     
 
Average vehicle speed:  on each individual model link was available for the four 
travel times. The 24 hour average vehicle speed was the length of time based 
average of the four time periods, that is, 2*7am-9am speed + 7*9am-4pm speed 
+ 2*4pm-6pm speed + 13*6pm-7am speed)/24 hours, weighted by kilometres 
travelled for each vehicle class in the BSTM model (LDV, HDV and Bus). 
 
Annual VKT:  Model VKT represented a typical weekday and was converted to 
annual VKT by multiplying by 319 days based on the average difference found 
between weekday and weekend VKT in a household travel survey.  Inventories 
were calculated for different particle metrics based on average weekday travel 
data scaled up to annual estimates.  The scaling factor used was based on the 
difference found between weekday and weekend VKT in a local household 
travel survey conducted over a full seven-day week (Ministry of Transport 
2007).  
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Calculation of the inventory: The calculation for the total particle inventory for 
urban SEQ for each particle metric consisted of the sum of:- 
         
        Total particle emissions on each model link = (EFLDV * VKTLDV) + (EFHDV * VKTHDV)  
 
        +  (EFCNG buses * VKTCNG buses )  + (EF Diesel buses* VKT Diesel buses)  
 
         
        Daily total on each model link = emissions 7-9am + emissions 9-4pm + emissions 4-
6pm, +   
 
        emissions 6pm-7am 
 
 
        Scaled up to per annum * 319 days  
         
        where EF relates to the emission factor relevant to the model link in terms of its 
road  
 
        type classification (urban or urban major road type)  
  
 
2.3. Emission factors  
Emission factors used to derive the inventory are shown in Table 1, sourced 
from two studies (Keogh et al. 2008; Jayaratne et al. 2008).     
 
Particle metrics:  Emission factors related to particle number (number 
concentration of particles with diameters 0.003-1µm); and PM1, PM2.5 and 
PM10.  Instrumentation measuring particle number does not usually measure 
particles with diameters greater than 1µm, and the majority of these particles are 
ultrafine particles, < 0.1 µm in diameter.   
 
LDV and HDV emission factors: were sourced from a study that derived 
emission factors based on a statistical analysis of 667 emission factors published 
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in the international literature derived from measurement studies.  The derived 
emission factors had 95% confidence interval values associated with them, 
providing the range within which there is a 95% probability that the true value 
will lie (Keogh et al. 2008). The statistical models developed to derive these 
emission factors were found to explain  86%, 93%, 87%, 65% and 47% of the 
variation in published emission factors (Keogh et al. 2008).  
 
Bus emission factors:  In 2004 the bus fleet in the study region comprised 89% 
Diesel and 11% CNG buses (Translink 2007).  Diesel bus emission factors for 
particle number on urban roads and for PM10 for urban and urban-major roads 
were sourced from Keogh et al. (2008). The remaining bus emission factors 
were sourced from a chassis dynamometer study in Brisbane that tested six 
Scania CNG buses and 5 new generation Mercedes OC500 Diesel Buses 
(Jayaratne et al. 2008).  Their emission factors derived from the DT-80 transient 
drive cycle test were selected to represent urban road emissions and those from 
the 50% engine load test to represent urban-major road emissions. No relevant 
bus emission factors are currently available in the literature for PM1, or for 
PM2.5 for CNG buses (Keogh et al. 2008).  
 
2.4. Variables used in the scenario analyses  
The scenarios modelled in this paper investigate aspects of the transport system 
relating to travel mode choice and vehicle occupancy rates (private passenger 
car versus public transport bus travel), as well as the effect of growing 
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urbanisation in a metropolitan city and predicted doubling of the on-road freight 
task.   
 
They illustrate not only the particulate matter emission rate associated with each 
passenger-km travelled for different travel modes, but also highlight the extent 
of shift in travel behaviour needed in a passenger car-dependent environment to 
effect reasonable reductions in particulate matter pollution.   
 
These scenarios reflect current trends around the world and the aims of many 
government initiatives which seek to deal with the problems of congestion and 
growing urbanisation, by encouraging shifts from private passenger car travel to 
public transport, such as buses, and by increasing vehicle occupancy rates. 
 
 
The rationales for scenarios presented in this paper were based on local 
government initiatives, policies and strategic plans developed for the region, 
which were the obvious choice for scenario analyses.  To encourage shifts from 
private passenger car travel to buses, the Brisbane City Council boosted public 
transport spending by 76% during 2003-2006, and since 2001 has added an 
additional 330 new business to the Brisbane fleet (BCC 2007).  The relevance of 
modelling emissions in terms of passenger-km trips for different travel modes 
and their effect on emission rates was informed by the TravelSmart™ initiative, 
which had been introduced in the study region in 2003-2007 to encourage 
sustainable transport choices, including car pooling, use of public transport, 
walking and cycling, and reductions in single-occupancy car usage (McKay & 
McGaw 2005). 
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Mode of travel, trip purpose and average LDV occupancy data were sourced 
from the same household travel survey used to populate the BSTM model 
(SEQHTS 2004).  In order to derive the average bus occupancy rates for bus 
travel in the region the authors analysed data provided by Translink (2007) 
relating to bus timetable and occupancy rate information for all buses operating 
in the study region, including Brisbane City Council and privately owned and 
operated bus fleets.   From this analysis, the average passenger occupancy rates 
for buses in the region were derived for the four different travel times.  
 
Trip Mode: categories included Vehicle Driver, Vehicle Passenger, Public 
Transport, Walk/Cycle and Other (non-road based, eg., air and rail travel).   
 
Trip purpose: categories included trips to and from home to work, education, 
shopping, other, and trips to and from work which did not begin or end at home.  
 
Home Based Work trips: were trips between home and work. Only Vehicle 
Driver trip data was used in scenario analyses, and these related to vehicle 
numbers.  This avoided possible double counting of trips which had both a 
driver and passenger in the same vehicle. These trips accounted for 46% of total 
VKT in 7am-9am, 50% in 4pm-6pm and 41% for the 24 hour average (SEQHTS 
2004).      
  
Average VKT: was calculated for LDVs and buses for different time periods and 
used to compare emission scenarios.   
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Average vehicle occupancy: was 1.6 passengers for LDVs (7am-9am); and 1.5 
passengers (9am-4pm, 4pm-6pm and for the 24 hour average) (Translink 2007).    
Average bus occupancy rates calculated to be 18.3, 13.4, 16.9, 13.3 and 15.5 
passengers for 7am-9am, 9am-4pm, 4pm-6pm, 6pm-7pm and 24 hour average 
respectively. As specific rates were not available for the different fuel types, the 
same occupancy bus rate was used for Diesel and CNG buses.  
 
New bus VKT: was calculated for future scenarios that modelled movement of 
LDV passengers to new buses.  The number of new buses required was 
calculated based on LDV and bus occupancy rates in the different travel times. 
New bus VKT was assigned as 40% to Diesel buses and 60% to CNG buses.     
For the scenario modelling involving the movement of different proportions of 
LDV passengers to new buses, we made the assumption that these additional 
new buses would change the composition of the bus fleet to 40% CNG-fuelled 
buses and 60% diesel-fuelled buses.  This assumption was based on the purchase 
by Brisbane City Council of 300 additional new CNG buses for their vehicle 
fleet (Brisbane City Council, 2007).  
 
Average particle emission factors per passenger per km: These were derived 
by dividing LDV and bus emission factors used to develop the urban SEQ 
inventory (Table 1) by the respective average vehicle occupancy rates in the 24 
hour average period.      
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3.   RESULTS AND DISCUSSION  
This section presents the total inventory for urban SEQ for 2004; compares its 
PM10 inventory with three other model estimates; compares emission factors and 
mass fractions from a UK inventory with the urban SEQ inventory; and 
discusses scenario analyses results.  
  
3.1. Particle inventory for urban SEQ for 2004 
Table 2 presents the estimated particle inventory for urban SEQ for 2004. Most 
model links were classed as urban roads; hence urban road emissions dominated 
the inventory.  The inventory was also influenced by very high LDV VKT 
which was 93% of total regional VKT.  The conclusions below are based on 
data in Table 2.  
 
On lower speed roads (urban roads) total LDV emissions were high for PM2.5 
and PM10 influenced by the fact that total LDV VKT is almost double that of 
total HDV VKT on these roads.  However, on higher speed roads (urban-major 
roads) total HDV emissions dominated particle number and PM1 influenced by 
the higher value HDV emission factor, which was almost 6 times higher than the 
emission factor for LDVs, and the fact that total HDV VKT was slightly higher 
than total LDV VKT on this Road Type.  
 
On urban roads total LDV and total HDV particle number and PM1 emissions 
were found to be similar; total LDV emissions for PM2.5 were more than double 
total HDV emissions; and for PM10 were more than 5 times total HDV 
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emissions. On urban-major roads total HDV emissions for particle number and 
PM1 were almost double total LDV emissions; PM2.5 total emissions for LDV 
and HDV were similar; and PM10 total LDV emissions were more than 2.75 
times total HDV emissions.  
 
Most HDVs were diesel-fuelled and their large contribution to the smaller particle size 
range is of considerable concern from the health effects perspective. In Switzerland these 
diesel particle emissions are classified as carcinogenic (Dieselnet 2008).  
 
Total particle number emissions for CNG buses on urban roads were more than 
4 times total Diesel bus emissions; however on urban-major roads total Diesel 
bus emissions were almost 10 times those for CNG buses; and were 3 orders of 
magnitude higher than total CNG buses for PM10. Cadle et al. (2008) also found 
CNG buses had higher particle number and lower particle mass emissions than 
diesel and diesel-hybrid bus emissions.  Although bus emission contributions to 
the region were small (only around 1-2%) their quantification at the local scale 
is important. This is due to high localised exposure to particulate emissions at 
busways and in tunnels.   
 
Particle number inventory:  Total LDV and HDV emissions were similar; and 
total bus emissions around 2-3 orders of magnitude lower.  HDVs contributed 
only around 6% of VKT, but contributed 54% of total particle number emissions 
in the region.  Freight is predicted to double over the next 20 years and therefore 
HDVs are a pollution source that requires urgent attention.  Total bus emissions 
were less than 1%. Annual total particle number emissions were 3.40 (1.71-
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6.18) x 1022 per day or 1.08 (0.54-1.97) x 1025 per annum.  No studies were 
found which can be compared to the urban SEQ particle number inventory.  The 
only study available estimated particle flux from all sources, from both natural 
and anthropogenic sources (Bigg and Turvey 1978), and as data is not available 
on particle flux from natural sources in urban SEQ, the studies can not be 
compared.      
 
PM1 inventory:  Relevant PM1 emission factors were not available for Diesel or 
CNG buses, hence were not included in the inventory.  The annual estimate for 
PM1 emissions was 477 (233-964) tonne, and total HDVs contributed 55% of 
this particulate pollution.  More studies are needed to measure the PM1 mass 
size range; as it has been shown that PM1 and PM10 are likely to be a more 
relevant and discerning combination of air quality standards than the current 
standards of PM2.5 and PM10 for combustion sources such as motor vehicles 
(Morawska et al. 2008).   
 
PM2.5 inventory:  No relevant emission factors were available for CNG buses, 
therefore these were not included.  Total LDVs emitted 61% of PM2.5 as 
compared to 37% from total HDVs and about 2% from total Diesel buses. The 
annual estimate for PM2.5 was 736 (225-1436) tonne.   
 
PM10 inventory:  Total LDVs contributed 81% and total HDVs 18%.  Buses 
contributed less than 1%. The annual PM10 estimate was 2614 tonne, with an 
upper 95% confidence interval value of 9668 tonne.  This high upper confidence 
interval value indicates lower certainty in the upper bound value estimate.    
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3.2. Comparing the urban SEQ particle inventory with other inventories & models  
 Inventories and models which can be compared to the inventory in this study 
are discussed below.   
 
Local model estimates of PM10 
Local model estimates of total annual PM10 are compared with the quantification  
derived for the inventory in this study, and these are shown in Table 3.   
 
The urban SEQ inventory quantification for total PM10 of 2614 tonne presented 
in this study for 2004 (Table 2) compares well with the EPA’s estimate for SEQ 
of 2249 tonne prepared for 2000 (EPA 2004) shown in Table 3.  EPA developed 
a fleet emissions model using estimates of VKT, emission factors and operating 
conditions, and estimated emissions for 6 vehicle classes, 4 fuel types,  
operating conditions (average travel speed, road grade, engine hot and cold 
starts), time of day, and day of week, summer/winter season (EPA 2004).   
Despite differences in area and year of preparation of the inventories, a 10-20% 
difference for a strategic model would not be considered unreasonable.  Hence 
we believe this comparison is valid. Therefore we can have confidence in the 
total particle inventory developed in our study for urban SEQ (Table 2).   
 
PM10 inventories and models prepared by Apelbaum and BTRE were prepared 
for 2003-2004 and 2004 respectively for urban SEQ (Table 3).   The Apelbaum 
inventory used speed dependent emission factors for different road types based 
on a combination of Australian and European data (Apelbaum 2006) and the 
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BTRE model considered growth in the economy, population, travel demand and 
urban congestion, as well as deterioration due to vehicle age and rises in fuel 
consumption (BTRE 2003).     
 
Both the Apelbaum and BTRE models exhibited deficiencies.  Although 
Apelbaum’s annual estimate for PM10 for HDV emissions of 520 tonne was 
similar to this study of 488 tonne (Table 2), their LDV emission factors were 
lower than those used in this study.  The BTRE study reported that the 
uncertainty in their particulate matter estimates were high, and the part of their 
analysis with the greatest levels of uncertainty (BTRE 2003).     
 
Comparing this inventory to a UK inventory  
There is only one example of a particle emissions inventory attempted for motor 
vehicles that can be compared to this study, prepared for the UK in 1996, 1998 
and 2001 (Group 1999; Goodwin et al. 2000; AQEG 2005). These PM10 
inventories were derived by multiplying emission factors for different vehicle 
and road types by annual VKT data.   
 
Most importantly, in order to derive estimates for PM0.1, PM1 and PM2.5, they 
applied distribution profiles for these particle size ranges to PM10 estimate data.  
This means that emission factors for these particle size ranges below PM10 were 
not based on individual measurements of different particle sizes, but simply on 
mass fractions multiplied by PM10 data values.  The authors stated that their 
method depended on PM10 emission rates, which in themselves had substantial 
uncertainties, and therefore believe their inventories for small size particles 
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contain even more uncertainty, due to additional uncertainties in the size 
fractions (Group 1999).    
     
The 1996 and 1998 inventories applied the same distribution profiles for petrol 
(catalyst) and diesel exhaust, viz., mass fractions of PM10 of 85% for PM1 and 
90% for PM2.5 based on 33 different particle size distributions (Group 1999; 
Goodwin et al. 2000). The PM0.1 distribution profile was based on size fractions 
taken from a European inventory (TNO 1997).   Mass fractions of PM10 used in 
the 2001 inventory for PM0.1, PM1 and PM2.5 were derived from distribution 
profiles taken mostly from the USEPA compilation of emission factors (USEPA 
1995) known as AP-42 (AQEG 2005).    
 
Our urban SEQ mass fractions are influenced by the high proportion of LDV 
VKT (93% of total VKT). Other possible differences between the inventories 
are likely to relate to differences in fleet composition, fuel types, road types, 
VKT for different vehicle types, and methods for deriving PM1 and PM2.5 
emission factors.  Emission factors used in the UK inventory for petrol vehicles 
were several orders of magnitude lower than their diesel values.    
  
 
3.3. Results of scenario analyses  
Four future scenarios were modelled to emulate likely future responses to events 
such as rises in fuel costs, congestion charging, higher density living and transit 
oriented development, which could see reductions in on-road VKT, and 
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increases in walking and cycling, car pooling or rail travel.  Other events were 
staggering of work and school hours, home based work or schooling, and 
regular, voluntary “car free” days.  PM1 was not included as relevant Diesel and 
CNG bus emission factors were not available, nor PM2.5 emission factors for 
CNG buses.  The scenarios provide indications of the rates of change in VKT 
and travel mode associated with reasonable reductions in particle emissions.   
 
HDV regional emissions 
The inventory estimated high levels of HDV emissions, which present a major 
problem for the region.  Although not entirely feasible or practical, the effect of 
completely removing HDVs from urban SEQ would result in reductions in 
particle emissions of 54%, 55%, 37% and 19% for particle number, PM1, PM2.5 
and PM10 respectively.  These reductions do not take into account the predicted 
doubling of the on-road freight task within 20 years.  
 
 
Scenarios modelling changes in LDV and bus VKT 
Scenarios 1 and 2 modelled percentages of passengers travelling in LDVs and 
buses. The results of these scenarios are shown in Tables 5 and 6, and are 
discussed below. 
     
Scenario 1 modelled reductions of 30% and 50% in LDV VKT shifting 
percentages of these trips onto new buses.   Given that the 24 hour average LDV 
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occupancy rate was  1.5 passengers, an increase in this occupancy rate to 3 
passengers would be lead to a 50% reduction in LDV VKT.  
 
In Scenario 1 for each 10% reduction in LDV VKT added to new bus trips, 
reductions of around 3-4% for particle number, 1-2% for PM2.5 and 1-6% for 
PM10 were modelled for the 24 hour average period (Table 4).  Table 4 shows 
modelled reductions in particle number, PM2.5 and PM10, with PM10 modelled 
reductions under these scenarios almost double those for particle number. 
 
Scenario 2 reduced 20% of Home Based Work trip VKT and added 50% of 
these trips onto new buses.  For each 10% reduction in Home Based Work trip 
VKT, where half these trips were added to new buses, reductions were about 
2% for particle number, 2-3% for PM2.5 and 3-4% for PM10 (Table 5).  
 
  Average particle emissions per passenger per km for LDVs and Buses:  
Scenario 3 is shown in Table 6. As relevant emission factors were not 
available for buses for PM1 and for PM2.5 for CNG Buses, these were not 
included. Average particle emission factors per passenger per km for particle 
number for LDVs were 1-2 orders of magnitude higher than for buses; on 
urban roads for CNG buses were three times those for Diesel buses; and on 
urban-major roads Diesel Buses were ten times higher than CNG buses.  PM2.5 
average particle emission factors per passenger per km were similar for LDVs 
and Diesel buses.   
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On urban roads average particle emission factors per passenger per km for 
PM10 for LDVs were about 5 times higher than those for Diesel buses, and 
several orders of magnitude higher than CNG buses, suggesting opportunities 
for major reductions in PM10 by moving proportions of LDV passengers to 
CNG buses.   There is also ample opportunity to comfortably double LDV and 
bus occupancy rates in the region, which were 1.5 passengers and 15.5 
passengers respectively (for the 24 hour average period), leading to further 
reductions in regional emissions.  
 
An estimate of particle emissions in urban SEQ in 2026 
The assumptions applied to Scenario 4 are shown in Scenario 4A in Table 7, and 
the estimated 2026 inventory is presented in Scenario 4B in Table 8.  Emission 
factors for 2026 were based on the emission factors used in the 2004 inventory 
(Table 1), reduced by different percentages (Table 7).   
 
The percentage reduction applied to the 2004 emission factor values to derive 
emission factors for the 2026 scenarios were generally, but not precisely, based on 
vehicle regulations.  Firstly, the proposed Swiss ordinance which requires 
reductions in solid particle number emissions for LDV Diesel vehicles of 95%, or 
greater (BUWAL 2004) and, secondly, the 40% reduction observed between the 
highest emission limit values for EURO III and those for EURO IV LDV Diesel 
vehicles for PM10 (SAEFL 2004).  Based on these vehicle regulations, to derive 
emission factors for the 2026 scenario model developed in this paper, the 2004 
particle emission factor for LDV Diesel vehicles was reduced by 80% and the 
2004 particle emission factor for LDV petrol vehicles by 20%.   
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The 20% assumed reduction for LDV petrol vehicles was based on the 
assumption that higher reductions in emissions would only be likely to be 
achieved if significant advances in technology in the future were realised, and 
mandatory particle number emission standards for these vehicle types were 
introduced.   
 
 
Although reductions in PM10 emission limit values of 80% are proposed under 
EURO V in 2020 for LDV diesel vehicles (the same limit value is proposed for 
LDV petrol vehicles) (EurActiv 2006), a more conservative approach was 
adopted in the modelling, and an across the board 40% reduction applied to all 
particle mass emission factors.  It was also considered that the proportion of 2020-
compliant vehicles would be unlikely to dominate the 2026 fleet.   
 
Total particle number emissions for urban SEQ for 2026 were predicted to 
increase by more than 2 orders of magnitude, as compared to the 2004 inventory.  
This was influenced by an assumed 90% increase in HDV VKT.  However, 
particle mass emissions in 2026 were predicted to reduce 31-36% (Table 7).   
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4.  CONCLUSIONS  
This study presents the first published comprehensive inventory of motor vehicle 
tailpipe particle emissions for particle number and particle mass.  Conclusions 
from its development and scenario analyses are as follows:- 
 
 Firstly, although HDVs contributed only around 6% of regional VKT, they 
contributed more than 50% of particle number and PM1 emissions to the 
region, signalling the need for strategies to reduce HDV diesel vehicle 
emissions.  This finding relates to the study region, however similar 
results would be expected in other areas that have high HDV diesel VKT. 
Given that the Brisbane region is not highly industrialised and is more 
service and tourism oriented, this means that regions with higher levels of 
industrialisation could have even larger HDV particle emission levels.  
HDV particle emissions are a global problem which requires reduction 
strategies such as mandatory fitting of particle filters, regular emissions 
testing, and identification of freight options and freight routes that produce 
lower emissions per tonne-kilometre and result in lower exposures for 
populations in close proximity to truck routes.  
 
 Secondly, the study found that when modelling the shifting of proportions 
of LDV passengers to new buses reasonable reductions in particulate 
matter emissions, particularly for PM10, were able to be achieved. Our 
study demonstrates the value of examining and modelling changes in 
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travel mode from LDVs to new buses, which can be useful to identify the 
extent to which changes in travel mode choice between these two travel 
modes may lead to reductions in particle emission rates.    
 
The study also found that when calculating average emission factors per 
passenger-km for particle number and PM10 for LDVs, that these were 
substantially higher than those for buses in the study region, emphasizing 
the value of initiatives that encourage shifts from LDV passenger cars to 
buses, and which focus on increasing bus vehicle occupancy rates.  
 
 Thirdly, modelling future scenarios, such as done for 2026 for the study 
region which predicted an 100-fold increase in particle number and 31-
36% reduction in particle mass, offer opportunities to design mitigation 
efforts tailored to expected changes in travel demand and vehicle 
technologies.   
 Fourthly, recent research has found that PM1 and PM10 constitute a more 
discerning combination of mass-based air quality standards for 
combustion sources such as motor vehicles than the current standards of 
PM2.5 and PM10 (Morawska et al. 2008). To adequately control particle 
emissions emitted by motor vehicles, guidelines and standards need to be 
introduced for both particle number and PM1 to complement existing 
standards. Future development of inventories for these particle metrics, 
such as provided in our study, can provide very important data to inform 
development of future ambient air quality guidelines and standards, and 
this research supports the relevance and importance of modelling of 
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emission inventories which cover the full size range of particles generated 
by motor vehicle fleets. 
 
 Fifthly, urban congestion is a problem not only in SEQ but in many urban 
centres around the world.  It affects travel time and also has environmental 
implications in terms of particle pollution and issues such as climate 
change.   Regular particle inventories are needed for urban areas that focus 
not only on quantifying total daily and annual particle emissions, but on 
identifying ‘hot-spots’ and travel routes, such as roads, truck routes, 
busways and tunnels posing a risk to exposed populations.  The problem 
of congestion is an issue requiring further research, particularly the need to 
derive speed-related particle emission factors to model congestion and 
vehicles travelling at lower speeds.  In addition, research is needed to 
evaluate particle emission levels pre- and post construction of transport 
infrastructure, high density living and transit oriented developments.   
 
 Sixthly, it is important to extend work such as that presented in this 
inventory to estimate the spatial distribution of particle concentrations, and 
to gain an understanding of the socioeconomic characteristics of 
populations affected by ‘hot-spots’.  Inventories such as presented in our 
work provide new knowledge that can be used in climate models to 
develop an understanding of the quantity and impacts of motor vehicle 
particle emissions on the global airshed, including particle concentrations 
reaching into the troposphere and stratosphere, as well as their potential 
effects, such as contributing to the cooling and dimming of the planet.  
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Table 1 Tailpipe particle emission factors for motor vehicles used to develop particle number, PM1, PM2.5 and PM10 inventories  
               presented in this study  
 
Particle metric  
 
Road Type  
 
 
HDV emission 
factor c h 
 
LDV emission 
 factor c h 
 
Diesel Bus 
emission factor 
 
CNG Bus 
emission factor 
 
 
 
 
Particle number 
 
 
 
 
All Road Types 
Urban Road e 
Urban-major Road e 
 
1014 particles per km 
 
 
65 [60.19-69.81] 
 
3.63 [9.85 a] 
 
-- 
 
-- 
-- 
-- 
-- 
-- 
3.08 [9.30 a] 
1.80 d g 
9.75 d f 
0.22 d g 
 
   
mg per km 
 
PM1 All Road Types 287 [257-317] 16 [50 a] b b  
PM2.5 All Road Types 302 [236-367] 33 [80 a] 299 [205-394] b 
PM10 All Road Types    313 [753 a] 
 Urban Road e 538 [1145 a] 156 [635  a]  1.10 d f 
 Urban-major Road e  
 
840 [1947 a] 141 [924  a]  0.05 d g 
 
 
a In the statistical analysis used to derive the emission factor values, the lower bound 95% confidence interval value calculated to be negative, and   
although physically uninterpretable, can be obtained as a consequence of the normal assumptions underlying the models (Keogh et al. 2008). 
b Relevant emission factors were not available for this class of vehicle. c LDVs had vehicle weights ≤ 5 tonnes and HDVs gross vehicle weights ≥ 3.5 tonnes.   
d Lower and upper bound 95% confidence interval values were not available for these emission factors. e Urban roads had average vehicle speeds of < 80 
km/hr and urban-major ≥ 80 km/hr. f  Based on DT80 transient drive cycle test (Jayaratne et all. 2008). g Based on 50% engine load test (Jayaratne et all. 
2008).  
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Table 2 Particle emission inventories for the urban South-East Queensland motor vehicle fleet for particle number, PM1, PM2.5 and  
 PM10 on urban and urban-major roads.  Lower and upper 95% confidence interval bound values are shown in parentheses.     
 
 
PARTICLE METRIC 
& ROAD TYPE d 
 
ESTIMATED PARTICLE EMISSIONS PER DAY 
 
ESTIMATED PARTICLE 
EMISSIONS PER ANNUM 
e 
 
Particle number  
Light Duty 
Vehicles   
1022 
Heavy Duty 
Vehicles  
1022 
CNG Buses   
1019 
Diesel Buses   
1020 
All Vehicles 
 1022  
All Vehicles  
1025  
  
 Urban roads 
 
1.13 [3.07 b]  
 
1.08 [1.00-1.16] 
 
1.76 c 
 
0.4 [1.31 b] 
 
2.22 [1.00-4.24] 
 
0.70 [0.31-1.35] 
 Urban-major roads 0.41 [1.11b] 0.77 [0.71-0.83] 0.006 c  0.04 c 1.18 [0.71-1.94] 0.38 [0.23-0.62] 
Total Particle 
Number   
1.54 [4.18 b] 1.85 [1.71-1.99] 1.76 c 0.44 [1.31 b] 3.40 [1.71-6.18] 1.08 [0.54-1.97] 
Particle mass Light Duty 
Vehicles kg 
Heavy Duty 
Vehicles kg 
CNG Buses  
kg  
Diesel Buses 
kg  
All Vehicles  
kg  
All Vehicles  
Tonne  
PM1       
  Urban roads 498 [1556 b] 478 [428-527] a a 976 [428-2083] 311 [136-664] 
  Urban-major roads  181 [565 b] 340 [304-375] a a 521 [304-940] 166 [97-300] 
Total PM1 679 [2121 b] 818 [732-902] a a 1497 [732-3023] 477 [233-964] 
PM2.5      
  Urban roads 1027 [2490 b] 502 [393-610] a 42 [29-56] 1571 [422-3156] 501 [134-1006] 
  Urban-major roads  373 [904 b] 358 [279-435] a 7 [5-9] 738 [284-1348] 235 [91-430] 
Total PM2.5 1400 [3394 b] 860 [672-1045] a 49 [34-65] 2309 [706-4504] 736 [225-1436] 
PM10       
  Urban roads 4855 [19765 b] 895 [1905 b] 0.02 c  44 [109 b] 5794 [21779 b] 1847 [6943 b] 
  Urban-major roads  1763 [7176 b] 637 [1356 b] 0.0001 c 7 [15 b] 2407 [8547 b] 767 [2725 b]  
Total PM10 6618 [26941 b] 1532 [3261 b] 0.02 c  51 [124 b] 8201 [30326 b] 2614 [9668 b]  
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a Relevant bus emission factors were not available. b Lower bound 95% confidence interval values, although physically uninterpretable, can be 
obtained as a consequence of the normal assumptions underlying the models [19]. c Lower and upper 95% confidence interval values were not 
available.  d Urban roads had average vehicle speeds < 80 km/hr and urban-major roads ≥ 80 km/hr. e The number of days per annum were 
considered to be 318.8 (refer method section).  
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Table 3 Comparison of estimates of total annual PM10 for SEQ and urban SEQ a 
 
 
Modellers  Region 
modelled 
Year of 
inventory 
Annual VKT, 
millions 
Estimate of total PM10 
emissions,  
Tonne per annum 
 
This study  
 
Urban SEQ a  
 
2004 
 
14,514 b 
 
2614 
 
 
Environmental 
Protection Agency 
(EPA 2004) 
 
 
SEQ  
 
2000 
 
21,362 
 
2249 
 
Bureau of Transport 
and Regional 
Economics  
(BTRE 2003) 
 
 
Urban SEQ a  
 
2004 
 
16,340 
 
1840 
 
Apelbaum Consulting 
(Apelbaum 2006) 
 
 
Urban SEQ a 
 
2003-2004 
 
21,017 
 
1549 
 
                 a  Although Urban SEQ covers only around 26% of South-East Queensland (ABS 2006;  
              OESR 2004), the urban SEQ vehicle fleet accounted for more than 70% of private  
              passenger trips in SEQ in 2004 (SEQHTS 2004). 
 
   
                b  Excludes transport-related industry travel (eg., couriers and taxis) and trips by persons  
             staying in non-private accommodation (eg., tourists and business travellers staying in hotels)  
             (SEQHTS 2004).   
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Table 4 Modelled reductions in total particle emissions in urban SEQ in the  
              24 hour average period   
 
 
Scenario 1:  Reducing Light Duty Vehicle VKT 30% and 50%, and moving proportions 
 of these passengers onto new buses in the 24 hour average period  
 
 
Reduction in LDV VKT   
 
 
30% 
 
50% 
Percentage of passengers moved 
to new buses  
 
100%  70% b 100% 70% b 
 
Modelled reduction in total particle emissions (%)  
 
 
Particle number 
 
9.6 
 
11.2 
 
15.9 
 
18.7 
PM2.5 a 1.9 6.0 3.1 10.0 
PM10 18.1 19.5 30.2 32.2 
     
 
a  PM2.5 excluded CNG buses due to lack of relevant emission factors, hence the bus 
   fleet was assumed Diesel-fuelled, resulting in lower modelled reductions.  
 
b  Assumed the remaining 30% of LDV passengers chose to walk, cycle, catch a train 
   or fill an existing bus, car pool or undertook home-based work or schooling. 
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Table 5 Modelled reductions in total particle emissions in urban SEQ in the 
 
                       peak travel times and in the 24 hour average period  
 
          Scenario 2:  Reducing Home Based Work trip VKT by 20%, and moving 50% of 
these passengers onto new buses in the peak periods and in the 24 hour average 
period  
 
  
Travel times  7am-9am  4pm-6pm    24 hour   
average  
 
Modelled reduction in total particle emissions (%)  
 
 
Particle number 
 
 
3.5 
 
4.8 
 
3.1 
 
PM2.5 a 
 
 
4.7 
 
6.1 
 
4.3 
 
PM10 
 
 
 
6.1 
 
7.5 
 
5.5 
 
a  PM2.5 excluded CNG buses due to lack of relevant emission factors, hence the 
bus fleet was assumed Diesel-fuelled, resulting in lower modelled reductions.  
 
b  Assumed the remaining 30% of LDV passengers chose to walk, cycle, catch a 
train or  fill an existing bus,  car pool, or undertook home-based work or 
schooling.  
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Table 6 Scenario 3:  Average tailpipe particle emission factors per passenger per km for LDVs and buses in urban SEQ (shaded grey in  
 
              italics)  in the 24 hour average period  
 
 
AVERAGE PARTICLE EMISSION FACTORS PER PASSENGER PER KM   
 
 
Particle metric 
 
Road Type a 
 
LDV Emission 
Factor b  
 
LDV emission 
factor per 
passenger 
 per km 
 
Diesel Bus 
Emission 
Factor b 
 
Diesel Bus 
emission factor 
per passenger  
per km
 
CNG 
Emission 
Factor b 
 
CNG Bus 
emission factor 
per passenger 
per km  
   
1014 particles/km  
 
Particle Number Urban road -- -- 3.10 0.20 9.80 0.60 
 Urban-major road -- -- 1.80 0.10 0.20 0.01 
 All Road Types  3.60 2.40 -- -- -- -- 
 
 
Particle Mass  
  
mg/km 
PM1 All Road Types  16 11 c -- c  -- 
PM2.5 All Road Types  33 22 299 19 c -- 
PM10 All Road Types   313 20 1.1 0.07 
 Urban road  156 104     
 Urban-major road 141 94     
 
 
a  Urban roads had average vehicle speeds < 80 km/hr and urban-major roads  ≥ 80 km/hr.  
b  Emission factors used to calculate the 2004 urban SEQ inventory, this study.   
c Relevant PM1 CNG & Diesel and PM2.5 CNG bus emission factors were not available.  
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Table 7 Scenario 4A:  Model variables and assumptions used to predict particle  
              number and particle mass emissions in urban SEQ in 2026    
   Percentage reduction in 2004 particle 
emission factor values  
 
Vehicle Type  % increase in 
2004 VKT   
2026 Fleet  
composition 
Particle number Particle mass, 
PM1, PM2.5, PM10 
 
LDV 
 
26% a 
 
50% Diesel 
45% Petrol 
5% Electric (zero 
emissions) 
 
 
80%  
20% 
n/a 
 
40% 
40% 
n/a 
HDV 90% b Mainly Diesel 
 
20% 40% 
Buses 29% a 40% Diesel 
50% CNG 
10% Hybrid  
20% 
20% 
10% of 2004 Diesel 
Bus emission factor  
40% 
40% 
10% of 2004 Diesel Bus 
emission factor 
 
 
a These percentage increases are lower than those predicted for Brisbane for 2004-2020 of 
32% for LDVs and 36% for buses by BTRE (BTRE 2003)], as we are basing our 
assumption on an assumed shift to walking, cycling, rail or car pool trips in the region 
in 2026 of around 6-7%.      
  
b HDV VKT is predicted to double over the next 20 years (SKM 2006). It was assumed 
10% of this freight increase would be transported by rail, or other less polluting options 
that may be available in the future, such as the use of hybrid/electric intermodal 
solutions.    
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Table 8 Scenario 4B: Estimated total annual particle emissions in urban 
              SEQ in 2026, compared to the 2004 inventory, this study 
 
Particle metric 
 
2004 inventory 
 
 
 
2026 Prediction   
 
 
 
Increase/Decrease over 
2004 estimates 
  
1025 particles 
 
1027 particles 
 
 
Particle number 1.08 1.47 Approx. 100-fold Increase 
    
 
Particle mass 
 
Tonne 
 
 
Tonne 
 
 
PM1 477 296 38% Decrease 
PM2.5 736 472 36% Decrease 
PM10 2614 1808 31% Decrease  
 
 
